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VAPOUR EVOLUTION RATES FROM OIL-REFRIGERANT MIXTURES 
FOLLOWING EXPANSION THROUGH A NOZZLE 
John Young, Senior Lecturer, Department of Thermodynamics & Fluid Mechanics 
University of Strathclyde, Glasgow, U.K. 
Thomas Fannin, Graduate Student, Department of Thermodynamics & Fluid Mechanics 
University of Strathclyde, Glasgow, U.K. 
INTRODUCTION 
Rotary refrigeration compressors are cooled by 
injecting oil into the compressor near the beginning 
of the compression process. The quantity of oil 
injected depends on the size of the compressor and 
on the type of refrigerant used, but in general is in 
the order of 5 gallons oil per 100 ft3/min refrigerant 
( l, 2). The oil is discharged together with 
compressed refrigerant gas from the high pressure 
side of the compressor and passes into an oil 
separator where all but a small proportion of the oil 
is removed from the main refrigerant circuit. The 
oil contains refrigerant in solution, the amount 
depending on the type of refrigerant and on the dis-
charge pressure and temperature. When Refrigerant 
12 is used with mineral oil, the oil-refrigerant 
mixture may contain as much as 40% of R.l2 by 
weight. The oil-refrigerant solution is passed 
through an oil-cooler and is sub-cooled, becoming 
undersaturated, before being returned to the point of 
injection. When the undersaturated solution is 
injected through a small diameter hole into the 
compressor, some of the dissolved refrigerant 
flashes off as vapour and cools the oil and cylinder 
by eva para ti ve cooling. 
The injected oil-refrigerant contributes to the lubri-
cation and sealing of the compression compartment 
by virtue of its viscosity, which is a function of 
temperature and concentration. The vapour which 
flashes off will increase the refrigerant charge in 
the compression chamber with subsequent increase 
in power and pressure because this "flash" gas has 
to be re-compressed. The increased pressure will 
increase discharge-to-suction leakage and hence 
affect the volumetric efficiency of the compressor. 
If the thermodynamics of the compression process, 
the lubrication and sealing, the pawer requirement 
and volumetric efficiency of an oil-cooled rotary 
compressor are to be studied in detail, then the 
behaviour of oil-refrigerant mixtures during and 
after expansion through a nozzle must be examined. 
22 
Although papers have been published on the 
migration of R. 22 into and out of oil solutions in 
compressor crank-easEls during long periods ( 3), 
and on the expansion of saturated and sub-cooled 
liquid R. 12 through short tubes ( 4), no experimental 
work appears to have been published on the rate of 
refrigerant evolution from an oil-refrigerant 
solution following a rapid reduction in pressure. 
The present investigation was undertaken to obtain 
a better understanding of the processes involved 
in oil-refrigerant injection. 
EXPERIMENTAL APPARATUS 
The experimental circuit, shown in a simplified 
line diagram, Fig. l, was designed to produce 
oil-refrigerant solutions over a range of pressures, 
temperatures and concentrations. f'or the sake of 
clarity some receivers, heat exchangers, by-pass 
lines, a filter, a drier and some minor items have 
been omitted from the diagram. In operation, low 
pressure oil was pumped by a gear pump to a 
mixing valve, at a pressure about 30 psi above 
the specified test pressure. Low pressure 
refrigerant gas was compressed in a reciprocating 
compressor to the mixing pressure, condensed and 
mixed with oil. The flow of refrigerant was, in 
general, determined by the compressor displacement 
and pressure range and the flow of oil was 
adjusted to suit by means of a hand-controlled by-
pass arrangement, the oil flow being measured in 
a taper-tube type flow meter., The oil-refrigerant 
mixture was heated before being passed into a 
flash boiler through a valve in which the pressure 
was dropped by about 30 psi to the test pressure. 
The temperature in this chamber was controlled at 
a predetermined level and excess gas, which 
boiled off due to the reduction in pressure and to 
heating, was returned to the low pressure side of 
the circuit. The boiling oil-refrigerant solution 
was very close to saturation conditions and hence 
the equilibrium concentration was established by 
the pressure and temperature in the vessel. 
Saturated oil-refrigerant liquid was extracted and 
pre -cooled to the required temperature before being 
passed to the test section where expansion took 
place through a selected small diameter tube. 
The test section was a vertical rectangular steel box 
with glass observation panels in the front and rear 
faces. The inside dimensions were 12 in long, 
cross-section 5/8 in x 1 5/16 in which gave an area 
ratio of 175:1 between the test section and the 
largest nozzle used. Pressure tappings were fitted 
at top and bottom of the test section, and four 
thermo-couple probes, sheathed in stainless steel 
and capable of sliding laterally into and out of the 
jet, were located as shown in Fig. l. The expansion 
nozzles were essentially brass plugs with drilled 
holes, of different diameters and length/diameter 
ratios. Inlet was not rounded, but had a face angle 
of 118°, considered typical of industrial practice. 
The range of test inlet pressures was selected to 
correspond to condensing temperatures between 90°F 
and l30°F, with varying degrees of oil pre-cooling 
at each pressure. The low side pressure in the test 
section was controlled by a hand throttle valve. 
TEST PROCEDURES 
After some initial testing with R. 22 it was decided 
to study one refrigerant-oil combination, viz. R .12 
and a naphthalene -base straight mineral oil 
of viscosity 174 SUS at l00°F, because this mixture 
is completely miscible and because R.l2 is the 
commonly::-used refrigerant in the size of rotary 
compressor of immediate interest. The variables in 
the test circuit were (a) the temperature in the flash 
boiler (b) the pressure in the flash boiler which also 
was the inlet pressure to the test section(these two 
variables determined the oil-refrigerant concen-
tration), (c) the amount of undercooling (d) the test 
section back pressure, (e) the nozzle diameter and 
(f) the nozzle length/diameter ratio. 
A series of tests was carried out in which these 
variables were altered over a wide range of permut-
ations of the following values: (a) temperature in 
the flash boiler: 140°F, 160°F (b) test section 
inlet pressure: 115, 155, 195 psia (c) degree of 
undercooling: from zero to the maximum obtainable 
from the cooler (d) test section back pressure: 25, 
S5, 85 psia (e) nozzle diameters: 0.055 in, 
0.079 in. (f) nozzle length/diameter ratios: l, 4, 
8. 8. 
In general, the oil injected into the test section 
formed a well-defined jet within a surrounding frothy 
mixture. Under back illumination of the test section, 
this jet could be observed when it was disturbed by 
the traversing thermocouples. In the limiting cases, 
when the inlet pressure/back pressure ratio was 
low, or when the degree of undercooling was large, 
no refrigerant gas came out of solution and the test 
section was seen to flow full of liquid. Tests were 
started at the point at which, for a small change in 
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pressure or temperature, this liquid flow altered 
abruptly to a frothy mixture. For a given inlet 
pressure, different values of back pressure and 
degree of under cooling were selected. In a typical 
test, after steady running conditions were obtained, 
readings were taken of pressures, flow at the two 
flowmeters and temperatures with the thermoc0uples 
set in and out of the jet in sequence. Swce the jet 
velocity was of the order of 100 ft/s, the velocity 
head was less than 0,4°F and could be neglected. 
Thermocouples thus read the mean jet temperature 
and the ambient temperature at a given location 
along the test section. Observed results for a 
typical test are shown in Fig. 2. 
ANALYSIS OF RESULTS 
The observed results were obtained as the reduction 
of jet temperature along a known distance, and it 
was desired to ascertain the amount of refrigerant 
boiled off in a given time. The calculation fc..r 
this conversion was based on an enthalpy balance, 
assuming a constant enthalpy expansion process, 
and was facilitated by the construction of enthalpy -
temperature charts for initial particular concentra-
tions as shown in Fig. 3. It was found that 
differences in concentration of up to 2 i% gave 
negligible errors, so charts were prepared for 
concentration percentages of 25, 30, 35 and 40. 
These charts were based on the enthalpy of liquid 
oil and liquid R .12 from tables, the heat of mixing 
equation givenby Spauschus (5) and the constant 
pressure lines of Bambach (6). After expansion of 
the oil-refrigerant mixture from some initial 
condition, the chart was used to determine the new 
concentration at the measured temperature in the 
test section, and the difference in concentrations 
gave the amount of refrigerant boiled off up to thai 
point. 
To obtain the evolution of refrigerant as a function 
of time, it was necessary to examine the velocity 
of the jet. 
For the short nozzles, length/diameter ratio = l, 
a negligible quantity of refrigerant came out of 
solution within the nozzle and so no two-phase 
effects were considered. Visual study of a jet of 
refrigerant-free oil or water using an optical micro-
meter showed a coefficient of contraction of 0. 75 
for the nozzle. The jet velocity was calculated from 
the flow rate given by the flow meter readings, and 
the contracted jet area. This liquid velocity was 
considered to be essentially constant in the 
relatively short distance along the test section and 
thus a time base was established. 
The jet velocity for the longer nozzles with L/D=4 
and 8. 8, was affected by an amount of gas evolved 
within the nozzle, and thus became a two-phase 
flow problem. At lower pressure props, when the 
flow was sub-sonic the limiting velocity was 
established by equating the available pressure 
difference across the nozzle to the fluid momentum 
change, plus entry and wall friction losses. The 
equation for single-phase flow pressure drop, 
incorporating entry losses, was used down to the 
pressure at which gas was evolved. Thereafter, the 
remaining pressure difference, from this point to the 
nozzle exit, was available for acceleration of the 
fluid to the exit velocity and to overcome wall 
friction, assuming bubbly homogeneous two-phase 
flow. 
At higher pressure drops across the nozzle, the 
limiting velocities were the local sonic velocities at 
exit, and the flow was choked under these 
conditions. The sonic velocity for two-phase flow 
is a function of liquid and gas densities, void 
fraction, and the gas sonic velocity. As before, 
once the exit velocity of the fluid was established 
for the long nozzles, it was assumed constant along 
the test length, and thus provided a time scale. 
The measured data could then be presented as 
quantity of refrigerant boiled off against time, as 
shown in Fig. 5 and Fig. 6. 
In order to collate the experimental data, and to 
describe the injection process,a simple empirical 
equation was sought. A complete equation for a 
given nozzle would be a function of inlet and outlet 
pressures, initial concentration, and the undercooled 
temperature, and would be cumbersome. 
The amount of refrigerant boiled off at nozzle exit 
(at time t = o) was extremely small and would be a 
maximum when the equilibrium concentration was 
reached at time t = co , Hence the equation was 
chosen to be exponential, and of the general form 
Q =a (1 - e-f(t)) which satisfied the boundary 
conditions. The function f(t) was established by 
consideration of the experimental data, in the 
simplest form Q =a (1- exp ( -btn)] in which b and n 
were essentially constant, but with some slight 
dependence on pressure and nozzle dimensions. 
Average values of 'b' and 'n' were obtained from 
p3.rticular ranges of experimental data. 
The value of 'a' which is the amount boiled off to 
reach equilibrium concentration at time t = 00 , 
might have been obtained by using an enthalpy -
temperature chart with lines of constant pressure, 
Fig. 3, but this was a laborious iterative procedure. 
An easier, but slightly less accurate method, was 
to draw a constant enthalpy process line on a chart 
of vapour pressure against refrigerant content, 
lb R.l2/lb oil, shown in Fig. 4. It can be seen 
that the constant enthalpy line was closely approxi-
mated by a straight line through the origin, drawn, 
for a given initial concentration, from the point 
corresponding to the pressure at which the under-
cooled liquid became saturated i.e. the point at 
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which vapour began to be evolved during the 
expansion. (For example, an initial concentration 
of 35%, saturated at l40°F, pt. A, undercooled to 
ll4°F and expanded,would give pt. B.) An 
expansion at constant enthalpy to the back pressure 
(say 52 psia, pt. C) gave the final equilibrium 
concentration in the liquid solution. By drawing a 
line of negative slope i.e. {l- R.l2 content) the 
amount boiled off was evaluated directly from the 
chart, pt. D. This value was the constant 'a' and 
so the empirical equations were fully established 
as a family of curves, a selection of which is shown 
in Fig. 5 and Fig. 6. The agreement between these 
curves and the reduced experimental data obtained 
from two nozzles with L/D = l (Fig. 5) and two 
nozzles with L/D = 8.8 (Fig. 6) was satisfactory. 
DISCUSSION AND CONCLUSIONS 
The aim of this investigation was to obtain a simple 
expression for the rate of evolution of refrigerant 
from an oil-refrigerant solution after injection, in 
order to determine the quantity of gas evolved and 
to establish the viscosity of the remaining liquid. 
An expression which is simple and yet sufficiently 
accurate can be introduced into thermodynamic 
analyses and into computer programs simulating the 
compression process. 
The equations of state available for liquid oil/R. 12 
mixtures e.g. those of Bambach, are generally 
complicated and cumbersome to use. Enthalpy 
equations for oil-refrigerant solutions are equally 
difficult to handle. The calculation to determine a 
new condition after an expansion process involves 
both state and enthalpy equations, and since weight 
fractions are involved, the computation becomes an 
iterative process. 
Using a solubility chart {vapour pressure against 
refrigerant content) the constant enthalpy expansion 
process may be closely approximated by a straight 
line through the origin. Tbe other end of the line 
may be established from the initial concentration 
and the undercooled temperature. For a given back 
pressure after expansion, the final equilibrium 
concentration and the amount of refrigerant evolved 
can be obtained directly from this chart, and the 
computation becomes independent of enthalpy. The 
straight line approximation can be introduced as a 
numerical equation, as shown in Appendix 1. 
In an actual compressor, the oil injection process is 
further complicated by several factors. (i) The 
pressure in the compression chamber is not constant, 
but increases with rotation due to the "built-in" 
pressure ratio of the compressor: this means that the 
back pressure is not constant, and its variation will 
affect the vapour evolution rate, and the quantity of 
oil being injected (ii) The quantity being injected 
into a chamber may be cut-off by the trailing blade 
before completion of the compression process. 
(iii)The time during which the bulk of the injected 
oil solution remains in the compressor between 
injection and discharge from the outlet ports, is of 
the order of 0.005 seconds: some solution, however, 
is recirculated and mixes with the incoming oil to 
produce a mixture of unknown viscosity. (iv) The 
injected oil jet may be directed against a fast 
moving solid wall under highly turbulent conditions 
which may alter the evolution rate. 
It is apparent therefore, that an exact mathematical 
model of the process of oil injection into a rotary 
compressor will be difficult to establish. In the 
absence of a definitive analysis, it may be 
necessary to use mean values of oil-refrigerant 
properties in predicting rotary compressor 
performance. This paper presents a method of 
evaluating final equilibrium conditions, and provides 
evidence concerning vapour evolution rates from an 
injected oil-refrigerant solution. It is hoped that 
this information may be useful in determining such 
mean property values. 
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APPENDIX 1 NUMERICAL EVALUATION OF CONSTANT 'a' 
The straight line approximation to the constant 
enthalpy process was used, Fig. 7, for the 
expansion 1-2-3. The amount of refrigerant evolved 
at final equilibrium was given by 
a = x2 - x3 lb R. 12/lb oil. 
Replacing the refrigerant content x, by the weight 
fraction w lb R .12/lb solution(where w = _x_) I 
then x + l 
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FIG. 7. Sketch of Fig. 4 
Pressure, terrperature and weight fraction are related by Bambach's equation 
0.558 log p = 5. 0057- --r--
wz 
1177.67 + 98,753 
T Tw-2 
This equation is in kg, em, °K units 
P2 
pressure in flash boiler 
saturation pressure at temperature r 1 and 
weight fraction w 1 
P3 = back pressure in test section 
- [0.002338 (w- 0.6)2 - 0.000075] [r- 273.16] 
temperature in flash boiler 
temperature after oil cooler 
P1, P3, T1 and T2 were known • 
Hence the initial weight fraction wl was obtained fron1 equation 2, in terms of Pl and r 1 . Also from 
equation 2, pressure p2 was expressed in terms of w 2=w1 and T2 . 
Constant 'a' was then obtained by substituting values of Pz, p3 and w 1 
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